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1 Introduction

Tissue engineering, particularly three-dimensional 
(3D) bioprinting, is one of the most rapidly developing 
fields in biomedicine. As any cutting-edge technology, 
3D bioprinting requires both complex equipment 
and novel materials. Hence, its development can be 
divided into at least two steps: Technical and material.

To date, the technical step has almost passed, 
and the main approaches in printing set-ups 
have been already presented and are based on 
extrusion, droplet deposition, stereolithography, 
and laser-induced forward transfer[1-4]. However, 
the material step involving bioinks is in progress.

Bioinks consisting of cells (or spheroids) 
and biomaterials are an essential element of 3D 
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bioprinting, and their development should ensure 
both precise deposition and tissue specificity. For 
the last decade, there is a bioink boom, and the efforts 
of many research teams focus on not inventing 
new set-ups, but creating new bioink formulations. 
New tissue-specific bioinks with good printability, 
shape fidelity, and biocompatibility can be based 
on “old” biomaterials. Among their huge variety, 
fibrin is of particular interest.

Despite its long history of use, fibrin is still highly 
in demand that is ensured by its unique properties. 
Except its biocompatibility, it is biodegradable, 
and the degradation products are not toxic. 
Moreover, compared to other biomaterials, fibrin 
properties (fiber morphology, stability, mechanics, 
etc.) can be simply tuned by varying component 
concentrations, buffers, etc.[5-9] While the interest 
in fibrin-based bioinks is constantly growing, it 
is essential to provide a framework of material’ 
properties and trends. This review focuses on 
describing the fibrin properties and application in 
3D bioprinting and providing a view on further 
development of fibrin-based bioinks.

2 Fibrin overview

2.1 Classification and structure

Fibrin is a fibrillar protein formed from fibrinogen 
circulating in blood. It may have different origin 
and can be derived from salmon, bovine, porcine, 
and human blood plasma. Fibrinogen is an 
elongated dimeric glycoprotein (inactive fibrin 
monomer) which consists of two-dimensional 
domains bound by a coiled-coil segment to the 
central E domain. The fibrinogen molecule is 
formed by three polypeptide chains Aα, Bβ, and 
γ connected to each other in the N-terminal E 
domain by disulfide bridges[10,11]. It is synthetized 
by hepatocytes[12] that makes the liver to be the 
main source of fibrinogen. Fibrinogen is mostly 
distributed in circulating blood plasma; however, 
it can also be found in platelets, lymph, and 
interstitial fluid. Fibrinogen synthesis can be 
stimulated by injury and/or inflammation which 
causes a ten-fold increase in concentration[7]. 
Such activation is induced by interleukin-6 (IL-6) 
which triggers intercellular signaling pathways 

in hepatocytes and modulates gene expression 
through various transcription factors[13].

2.2 Fibrinogenesis

Fibrin formation from fibrinogen is one of the 
essential steps in the enzymatic cascade of blood 
coagulation pathway to stop bleeding. This process 
can be divided into two stages: Enzymatic and non-
enzymatic. In the first stage, thrombin (Factor II) 
induces proteolytic cleavage and fibrinopeptide 
release from Aα and Bβ chains. Hence, two 
polymerization regions, α and β, are formed 
and spontaneously interact with complementary 
polymerization centers a- and b- in γC and βC 
regions on the D knot of another fibrin monomer. 
This leads to the gradual formation of protofibrils. 
Protofibrils’ aggregation in lateral and longitudinal 
directions ensures the formation of fibers, which 
branch and form a fibrin network providing 
structural stability[12,14]. Transglutaminase (Factor 
XIIIa) stabilizes this fibrillar network.

2.3 Fibrinolysis

Fibrinolysis is controlled by various cofactors, 
inhibitors, and receptors[15]. The main enzyme 
which lyses fibrin to fragments known as D-
dimers is plasmin activated by plasminogen[16]. 
Plasminogen is a physiological substrate for 
two serine proteases, tissue-type plasminogen 
activator (tPA) and urokinase-type plasminogen 
activator (uPA). The first one is synthetized and 
released by endothelial cells; the second one by 
monocytes, macrophages, and urothelial cells[17]. 
Both activators have a short half-life period 
(4 – 8 min) because of high concentrations of 
inhibitors (e.g. plasminogen activator inhibitor-1 
(PAI-1)) in blood plasma. Compared to tPA, uPA 
has low affinity to plasminogen and does not 
require fibrin as a cofactor; normally, it functions 
in extravascular regions[17]. Both tPA and uPA 
are eliminated by the liver after the formation of 
a complex with low density lipoprotein (LDL)-
receptor-like protein[18]. Moreover, fibrin can 
be easily lysed by other proteolytic enzymes, 
for example, proteinase K, collagenase, trypsin, 
accutase, and metalloproteinases.
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2.4 Mechanical properties

Pure fibrinogen solutions show a nonlinear increase 
in viscosity with increasing concentration, with 
the values ranging from ones to hundreds of cP[19]. 
Moreover, the concentration of the fibrinogen in 
blood plasma correlates with plasma viscosity[20]. 
The drastic changes in mechanical properties 
occur with the onset of the fibrin clot formation 
(gelation), which could be traced by a change of 
turbidity[21] and an increase in the elastic or shear 
modulus in rheological measurements[22-24]. In 
vitro, gelation time which can take from several 
seconds to several minutes is mostly controlled by 
the concentration of thrombin and temperature[21,25].

The resulted fibrin gel has a set of remarkable 
and unique viscoelastic properties among polymers 
which are related to its molecular structure with 
complex multi-scale hierarchy[7]. Fibrin fibers 
might constitute <1% of the gel volume, yet it will 
have measurable elastic modulus and strength. 
The gel also has a high water-uptake ratio of 30 – 
50[21]. The fibrin fibers of the gel can have different 
length, thickness, and density and type of branching 
points, which generally made up of three fibers 
at a junction[17,23]. These parameters are strongly 

dependent on the polymerization conditions, 
including a concentration of fibrinogen, thrombin, 
additional factors such as Factor XIII and CaCl2, and 
physical factors such as temperature and external 
tension or compression forces. Several models for 
fibrin mechanics have been suggested that take 
into account its filamentous nature and interactions 
between the fibers at different hierarchy levels[7,8,17].

The storage modulus of the gel only weakly 
depends on frequency, while the loss modulus 
increases with frequency[23]. Thus, at low 
frequencies (<10 – 100 Hz), the behavior 
is mostly elastic and could be efficiently 
characterized by elastic modulus only, but 
the viscous component is pronounced at high 
frequencies. The shear and elastic moduli show 
non-linear behavior with relation to strains, the 
so-called strain hardening or stiffening[23]. Shear 
modulus increases up to a factor of twenty-
fold at large strains[18]. The elastic modulus 
initially decreases (up to strain = 0.5), but 
then dramatically increases by a factor of 100 
(compressive strains >0.8)[26]. Strain hardening 
might be of biological importance since it 
allows fibrin clots to sustain larger deformations 
without significant integrity loss.

Table 1. Mechanical properties of pure fibrinogen and fibrin.
Components concentrations Viscosity 

(cP)
E(Pa) G’ (Pa) Comments Ref

Fibrin 
(mg/ml)

Thrombin 
(U/ml)

Ca+ 
(mM)

Factor XIII 
(µg/ml)

Buffer

10–150 – – – PBS 2–43 n/a n/a – [19]

25 100 – – PBS n/a 580-640 – – [27]

1, 2, 4, 8 0.1–6.4 – – – n/a n/a 3.1-247.5 – [28]

6, 7, 8, 9 – – – – n/a n/a 4-147 PEGylated 
fibrinogen, 

polymerized 
by photo-
initiator 

using a UV 
light 

[29]

2–50 2–100 40 – – n/a 0.058–
4000

n/a – [39]

2 1 2 0–20 HEPES  
23 mM

NaCl  
175 mM pH 7.4

n/a n/a 33-150 – [6]

Ref.: References; E: Young’s modulus; n/a: Not available; PBS: Phosphate buffer saline; HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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The main parameter that controls the gel 
stiffness appears to be fibrinogen concentration. 
By varying it in a range from 1 to 50 mg/mL, 
the elastic modulus of the resulted gel from 
several Pa to several hundred Pa might be 
achieved[27-29]. Another important modulator is 
Factor XIII, its addition substantially increases 
the elastic modulus of the gel by incorporating 
fibrin covalent crosslinking and compacting 
fibers[6]. The cell embedded into the gel might also 
induce its stiffening through myosin-driven cell 
contraction[30].

The low viscosity of pure fibrinogen solution 
makes it suitable for inkjet bioprinting methods[31]. 
However, shape fidelity and mechanical properties 
of such gels are relatively poor. Due to irreversible 
and fast fibrin gelation at physiological 
temperatures, bioprinting with fibrinogen/
thrombin mixture might be performed at low 
temperatures, or thrombin can be added to the 
construct after bioprinting[32]. The gelated fibrin 
cannot be printed with standard extrusion-based 
techniques without damaging its structure. To 
improve or modify the mechanical properties of 
the gel construct, the composite bioinks of fibrin 
with other components were used. Combinations 
with gelatin[33], alginate[34], collagen[35], hyaluronic 
acid[36], or more complex formulations[37] 
were used for different applications. Some 
biochemical modifications were also introduced 
to the fibrinogen to modulate the structural and 
mechanical properties of the gel[27,29,38].

3 Biological properties and their tuning

3.1 Wound healing

The formation of fibrin which is known as 
fibrinogenesis is associated with hemostasis, one of 
the main stages in wound healing. By forming an 
interconnected porous network, fibrin fibers act as 
a temporary scaffold for migrating and proliferating 
cells. Fibrin provides an angiogenic environment 
that enables the growth of capillaries’ sprouts. 
Together with fibroblasts and macrophages, they 
form the mature granulation tissue, essential for the 
following re-epithelialization. Hence, its angiogenic 
(will be discussed in the next section) and healing 

potential are physiologically determined, and it is not 
surprising that fibrin is widely applied in vascular 
tissue engineering and improvement of wound 
healing.

Due to its tunable properties that can guide 
cells and determine substance release kinetics, 
fibrin is commonly used in skin equivalent 
design or cell/bioactive substance delivery 
for the defect site treatment[40]. Even only by 
adjusting, for example, its mechanical properties, 
one can tailor its biological properties. For 
instance, Murphy et al.[41] varied the component 
concentrations to reveal their correlation with 
gel stiffness, degradation rate, and vascular 
endothelial growth factor (VEGF), and 
prostaglandin (PGE2) secretion by encapsulated 
mesenchymal stromal cell (MSC) spheroids. 
They showed that the secretion of both factors 
was the highest in hydrogels with medium values 
of compressive and storage moduli.

To improve its innate healing potential, fibrin can 
be combined with cells, functionalized particles, or 
bioactive compounds (Table 2). In the first case, 
various cell types, for example, keratinocytes[42], 
fibroblasts[43], bone-marrow derived,[44] and adipose-
derived[45] MSC, have already been tested. In the 
second case, for instance, platelet-like particles 
prepared from functionalized ultralow crosslinked 
poly (N-isopropylacrylamide-co-acrylic acid) 
microgels were offered to improve wound healing. 
In the third case, growth factors are usually applied, 
which can be physically entrapped within a fibrin 
mesh or affinely or covalently bonded. For instance, 
fibrin can be mixed with growth factor-loaded 
nanoparticles that promoted wound healing. Losi 
et al.[46] tested poly(lactic-co-glycolic acid) (PLGA) 
nanoparticles loaded with VEGF and bFGF and 
showed that they can significantly promote wound 
closure and facilitate the re-epithelialization and 
granulation tissue formation. Growth factors can be 
linked to fibrin, for example, by transglutaminase-
assisted binding of their recombinant 
modifications that ensures their prolonged release. 
Mittermayr et al.[47] showed the efficacy of such 
approach. In their study, they achieved a controllable 
release of platelet-derived growth factor AB (PDGF.
AB) from fibrin that enabled the acceleration and 
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improvement of wound healing in severe burns[47]. 
Muhamed et al.[48] fabricated fibrin nanoparticles, 
which were modified with keratinocyte growth 
factor (KGF) by its coupling using carbodiimide 
derivative and N-hydroxysulfosuccinimide. These 
particles had higher healing potential that those 
from non-loaded ones.

Except pure fibrin and the mentioned above 
modifications, there is also platelet-rich fibrin 
(PRF) that is so-called the “second-generation 
platelet concentrate”[49]. This review does not go 
into details regarding this type of fibrin-based 
products. The reader can learn more about it from 
the following publications[49-54].

Table 2. Possible fibrin modifications to tune its biological properties.
Modifying agent Type of IM Type of experiments Outcomes Ref.
PLGA nanoparticles loaded 
with VEGF and bFGF

Physical In vivo (diabetic mice) Promoted wound closure
Accelerated re-epithelialization
Increased formation of granulation 
tissue
Enhanced collagen synthesis

[46]

Platelet-like particles Physical In vitro Promoted cell migration [55]
In vivo (mice) Improved wound healing

TG-PDGF.AB Covalent In vivo (pigs) Enhanced wound healing [47]
KGF Covalent In vitro Increased cell migration [48]

In vivo (mice) Improved wound healing
RGD, IKVAV, YIGSR, and 
RNIAEIIKDI

Cocrosslinking In vitro (dorsal root 
ganglia dissected from 
chicken embryos)

Enhanced neurite outgrowth [56]

In vivo (rats) Improved axons regeneration
Bifunctional carboxylated 
N-hydroxysulfosuccinimide-
active ester PEG

Covalent In vitro Maintained cell proliferation 
Increased ALP activity
Up-regulated osteoblast-specific genes 

[57]

In vivo (nude mice) Formation of soft vascularized 
connective tissue

O,O′-bis[2-(N-succinimidyl-
succinylamino)ethyl]PEG

Covalent In vitro (MSC 
spheroids)

Promoted better sprouting [58]

TG-VEGF121 Covalent In vivo (VEGFR2-luc 
mice)

Enhanced vessel formation
SMC stabilization

[59]

Fusion proteins LN-TGF-β1 
and LNG-TGF-β1 

Covalent In vitro Enhanced contractile function of 
vascular constructs

[60]

T1 peptide sequence from 
CCN1

Covalent In vitro Improved cellular sprouting without 
adding VEGF
Increased effects when VEGF is added

[61]

In vivo (CAM) Stimulated formation of new vessels
Anti-VEGF aptamer and anti-
PDGF-BB aptamer

Covalent
Affinity

In vivo (mice) Enhanced blood vessel growth [62]

TG-PDGF.AB Covalent In vivo (rats) Decreased flap tissue necrosis
Enhanced perfusion
Maturation of new vessels

[63]

Vector containing the 
VEGF-A cDNA

Physical In vivo (rats) Prolonged flap survival for 7 days after 
surgery

Increased perfusion of tissues

Higher VEGF-A expression

[64]

Abbreviations. Ref: References; ALP: Alkaline phosphatase activity; bFGF: Basic fibroblast growth factor; CAM: Chorioallantoic membrane; IM: Immobilization; KGF: Keratinocyte 
growth factor; MSC: Mesenchymal stromal cells; PDGF: Platelet-derived growth factor; PEG: Polyethylene glycol; PLGA: Poly(lactic-co-glycolic acid); SMC: Smooth muscle 
cells; TG: Transglutaminase; TGF-β: Transforming growth factor beta; VEGF: Vascular endothelial growth factor
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3.2 Angiogenesis

As mentioned above, fibrin has intrinsic 
angiogenic properties and provides relevant 
microenvironment determined by structure-
depended chemical, physical, and biochemical 
cues. Its fibrillar structure serves as a scaffold for 
invading cells which bind to its fibers through 
cellular receptors and form capillaries. It was 
showed that the fiber network morphology can 
be significantly influenced by fibrinogen and 
thrombin concentrations[65-67], pH[68], buffers[5], 
incorporation of extra molecules[27], etc.

On invading cells, receptors bind to specific 
sites on fibrin fibers that not only ensures cell 
adhesion but also triggers various intracellular 
pathways due to their biochemical interaction 
and formed tensional forces. Such cues determine 
position-assisted cell response to the external 
stimulation by cytokines and growth factors. The 
cell adhesion to fibrin is mainly ensured by two 
arginylglycylaspartic acid (RGD) sites located on 
the α-chain through integrins (αvβ3, α5β1, etc.). 
Integrin αvβ3 and integrin α5β1 were proven 
to control vacuolation and lumen formation by 
endothelial cells[69]. Interestingly, the insertion of 
additional selective binding sites for αvβ3 integrin 
(the sixth immunoglobulin-like (Ig-like) domain of 
the cell adhesion molecule L1 (L1Ig6)) provided 
the increase in vessel formation by them[68]. Except 
RGD sites, endothelial cells interact with β15–42 
sequence of fibrin where VE-cadherin serves as 
a specific cell receptor[70]. The adhesion of MSC 
used to stabilize the newly forming vessels and 
induce their formation is ensured through the 
interaction with another type of integrins – α6β1 
– to fibrin fibers[71].

However, in angiogenesis, fibrin is not a 
stable scaffold for migrating cells; it is a highly 
responsive system that remodels providing the 
required environment for forming vessels. Its 
degradation and remodeling are critical in the new 
vessel formation and mainly orchestrated by matrix 
metalloproteinases (MMP), including membrane-
type MMP (MT-MMP). When cells migrate within 
a fibrin network, they degrade it facilitating their 
invasion and making space for lumenogenesis 

that causes the heterogeneity in local ECM 
stiffness and changes in its bulk structure[72]. 
Among the MMP variety, the MMP2, MMP9, 
and MT1-MMP are considered to play the most 
important role. In endothelial cells, VEGF, well-
known angiogenic factor, is proven to induce the 
MMP9 and MT1-MMP expression through Notch 
signaling that regulates cell morphogenesis[73]. It 
was observed that initial stages of capillarogenesis 
by endothelial cells corresponds with the rise of 
proenzyme proMMP-2 and drop of proMMP-9; 
however, MMP-2 was not revealed and MMP-9 
was low[74]. MT1-MMP was proven to regulate 
vessel formation by both EC and MSC and more 
strongly affected it than MMP-2 and MMP-9[75,76]. 
Interestingly, compared to fibroblast-assisted one, 
MSC-induced vessel formation is totally controlled 
by MT-MMP[77]. Hence, by tuning fibrin gel 
properties through its modification that changes its 
mechanical properties and degradability the tissue 
engineers can significantly influence angiogenesis 
in vitro[78]. Moreover, fibrin ensures the synthesis 
of extracellular matrix (ECM) proteins such as 
laminin, and collagen type IV[66,79,80] that stabilizes 
the formed microvasculature.

Angiogenesis can be also promoted by 
fibrin degradation products. It was showed that 
fibrin fragment E undergone thrombin-assisted 
proteolytic cleavage led to the increase in the 
endothelial cell proliferation, migration an 
differentiation in vitro[81] and in the vessel number 
while applied on the chorioallantoic membrane 
(CAM) model[82].

To increase its angiogenic properties, several 
structural modifications which can be divided 
into two main groups: Inert or active substance 
loading/binding were offered. For instance, it was 
showed that the PEGylation of fibrin can ensure the 
enhanced endothelial and mesenchymal stromal 
cells’ migration and spreading followed with the 
formation of cell extensions and intercellular 
junctions and expression of specific MMP[66,79]. 
Moreover, compared to the native fibrin gel, the 
PEGylated fibrin promoted the increased growth 
rate, branching, and length of tubules formed by 
encapsulated spheroids from adipose-derived 
MSC[58] (Figure 1). However, the most trivial 
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approach to improve fibrin angiogenic properties 
is to use single or multiple pro-angiogenic factors 
such as VEGF or bFGF. They can be entrapped 
within a fiber network or immobilized using 
release systems (e.g. nanoparticles) or through 
affinity or covalent binding (Table 2). Moreover, 
the binding of some peptides such as RGD, LN-
TGF-β1, or T1 peptide sequence from CCN1 
can significantly promote vessel formation. The 
efficiency of plasmids delivered by fibrin to 
improve angiogenesis is questionable and requires 
further investigation. On the one hand, Michlits 
et al.[64] showed that VEGF plasmid-laden fibrin 
gel increased skin flap survival. On the other 
hand, Jozkowicz et al.[83] revealed that all carrier 
types used for the VEGF plasmid delivery (water, 
phosphate buffer saline, and fibrin glue) stimulated 
similar effects on capillaries growth.

3.3 Application

Fibrin is a commonly used biomaterial and 
widely applied in medicine from the 70 to 80s as 
a surgical sealant (fibrin glue). Due to its flexible 
properties, fibrin has become a versatile tool in 
engineering of various tissues, for example, skin, 
blood vessels, and bone.[84-86] Fibrin and its blends 
with other biomaterials, such as collagen, alginate, 
and hyaluronic acid, are applied in both scaffold 
and scaffold-free technologies.

Since the advent of bioprinting and its influence 
started to take hold of the field of tissue engineering, 
fibrin (fibrinogen) has become a biomaterial 

of choice due to its good biocompatibility, 
biodegradability, and other described biological 
properties in Table 3. The experience gained in 
cell encapsulation was transferred and adapted to 
bioprinting.

Fibrin-based bioinks were successfully 
applied to print skin, heart, and neural constructs. 
Particularly, Cubo et al.[87] fabricated a bioprinted 
skin substitute from plasma-derived fibrin and 
primary fibroblasts and keratinocytes that were 
tested in vivo and showed to be similar to the 
native skin. Fibrin-collagen bioinks provided 
favorable environment for cells bioprinted using 
a mobile skin bioprinting system.[88] Hence, the 
in situ fabricated constructs accelerated wound 
closure and re-epithelialization. Moreover, Kumar 
et al.[89] revealed that cardiomyocytes printed using 
a fibrin-based bioink not only were viable and 
proliferating but also expressed a specific cardiac 
marker and coupled with cardiac fibroblasts. 
Wang et al.[90] also successfully applied a fibrin-
based bioink to fabricate functional cardiac tissue 
constructs that contracted synchronously and 
responded to epinephrine and carbachol. Being 
the same complex as cardiac one, neural tissue 
was achieved using fibrin which structure ensured 
cell alignment and guided Schwann cells’ growth.

Bioprinting tumors is a novel interesting 
direction in not only fibrin application but also 
in bioprinting in general.[91] The fabricated tumor 
models are positioned mostly to be used as a 
more relevant platform for drug screening and 

Figure 1. Tubulogenesis within native and PEGylated fibrin gels ICC – immunocytochemical staining;  
L – lumen; TEM – transmission electron microscopy. Copyright permission provided by IOP Publishing[58].
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Table 3. Bioprinting with fibrin-based bioinks.
Components Bioprinting Origin Cells Outcomes Ref
Fibrinogen Cross-linking 

agents
Additives

60 mg/ml Thrombin 50 
U/ml
CaCl2 80 
mM

Furfuril-gelatin 
155 mg/ml
RB

Extrusion-
based

n/a iPSC-derived 
cardiomyocytes

Printed structures 
were porous and 
showed good 
stability
Cells remained 
viable, proliferated, 
and expressed 
cardiac marker 
(troponin I) 

[89]

30 mg/ml Thrombin n/a Gelatin 35 mg/ml
Hyaluronic acid  
3 mg/ml

Extrusion-
based

n/a bladder 
urothelial cells, 
bladder smooth 
muscle cells

Cells maintained 
high viability 
for a week after 
printing, actively 
proliferated and 
expressed specific 
biomarkers

[94]

50 mg/ml NaCl 150 
mM
CaCl2 5 mM
PVA 
1.4%w/v 
Thrombin 50 
U/ml

Hyaluronic acid  
4 mg/ml
Factor XIII 1 U/ml
Aprotinin 0.5  
mg/ml

Extrusion-
based

Bovine primary 
Schwann cells

Cells were viable 
and proliferated
Directed cell 
alignment was 
observed

[36]

10 % w/v Thrombin 
100 U

Gelatin 5 % w/v Extrusion-
based

Bovine HUVECs, 
MSCs

EC-MSC distance 
defining cell-cell 
communication 
regulates 
angiogenesis

[93]

20 mg/ml Thrombin 50 
U/ml

Gelatin 30 mg/ml

Aprotinin 
20 µg/ml 
Hyaluronic acid 
3 mg/ml Glycerol 
10%

Extrusion-
based

n/a neonatal rat 
ventricular 
cardiomyocytes

Bioprinted 
constructs 
contracted, 
were formed 
by aligned and 
electromechanically 
coupled cells and 
responsive to drugs

[90]

20 mg/ml Thrombin 
2000 U/ml

Gelatin 
7.5 % w/v

Extrusion-
based, rotary

Bovine primary 
neonatal 
human dermal 
fibroblast

Heat-treated 
gelatin increased 
fibrinogen-based 
bioink printability
Tensile mechanical 
properties of 
printed constructs 
induced the rise in 
circumferential and 
axial elastic moduli

[95]

(Contd...)
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personalized patient’s therapy. For instance, Lee 
et al.[92] printed an in vitro glioblastoma model 
using a fibrin-based bioink. Cells remained 
viable for more than 1 week after printing and 
formed spheres expressing cancer stem cells 
and metastatic invasiveness markers. Moreover, 
the printed constructs treated with a novel 
method were shown to be more in vivo relevant 
than a monolayer culture. Using a fibrin blend, 
Zhao et al.[32] described a method to print a 3D 
cervical tumor model that also was more resistant 
to chemotherapy than two-dimensional culture.

Despite the biofabrication of tissues and organs, 
fibrin-based bioinks are demanded to study cell-
cell interactions, mainly for deeper understanding 
of cell biology features related to vascularization, 
innervation, etc. For instance, by regulating the 
distance between ECs and MSCs with bioprinting, 
Piard et al.[93] showed that angiogenesis can be 
significantly modulated: When endothelial cells 
were placed closer to stromal ones (≤200 μm), 
the better angiogenesis promotion was observed.

3.4 Trends

As it is clear from above, the use of fibrin as a 
bioink base is only growing that corresponds 
with an increasing trend to bioprinting in general. 

Undoubtedly, the development of bioprinting 
is strongly connected with the development of 
new bioinks, particularly fibrin-based ones; and 
widening its applications will the applications of 
bioinks. Therefore, fibrin as one of biomaterials 
of choice will be used to print not only tissues and 
organs but also tumor models, organ-on-a-chip, etc.

To improve fibrin (fibrinogen) mechanical 
properties, shape fidelity, etc., for bioprinting, the 
main strategy is blending with other biomaterials 
such as gelatin, collagen, and alginate. Despite 
its simplicity, it will be further used because it 
does not need strong structural changes in protein 
molecule requiring deep knowledge of biomaterial 
chemistry and a bioink can be easier roughly tuned 
to a particular protocol.

However, blending consumes too much time 
and labor when fine tuning both mechanical and 
biological properties is required. Therefore, the 
number of modifications has been already offered 
that were described above. Moreover, such 
biomaterials give a birth to a new class of bioink 
– “smart bioinks.” These bioinks with finely tuned 
mechanical and biological properties provide not 
only a favorable microenvironment supporting 
cell survivability, proliferation, and differentiation 
but also the information on cell functioning, for 

20 mg/ml Thrombin 4 
U/ml

Hyaluronic acid 
1% w/v

Laser-
assisted

Human iPSCs Cells were sensitive 
to biomaterials used 
as a bioink base 
(not printing)
Hyaluronic-
based blends 
ensured better 
cell survivability 
without 
pluripotency loss

[96]

20 mg/ml Thrombin 
40 U/ml 
CaCl2  
50 mM

Hyaluronic acid 
1% w/v

Laser-
assisted

Human ASCs, ECFCs Cell-cell contacts 
regulate the 
formation of vessel 
networks

[97]

Ref: References; n/a: Not available; RB: Rose bengal; PVA: Polyvinyl alcohol; iPSC: Induced pluripotent cells; HUVEC: Human umbilical vein endothelial cells; MSC: 
Mesenchymal stromal cells; ASC: Adipose-derived stromal cells; ECFC: Endothelial colony-forming cells

Table 3. (Continued)
Components Bioprinting Origin Cells Outcomes Ref
Fibrinogen Cross-linking 

agents
Additives
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example, oxygen consumption, and changes in 
pH level. This approach was previously realized 
using scaffolds, but no study regarding bioinks, 
particularly fibrin-based bioinks, has been 
performed. For instance, O’Donnell fabricated 
pH-sensitive cellulose-based scaffolds labeled 
through cellulose-binding domain with enhanced 
cyan fluorescent protein[98]. Such scaffolds ensured 
the analysis of extracellular acidification combined 
with probe-based monitoring of cell oxygenation. 
Moreover, being “smart,” such bioinks may adapt 
to meet cell requirements that include not only 
matrix re-modeling but also bioactive substance 
release. Hence, researchers will have a unique 
in vitro platform for organ and tissue fabrication.

Compared to the majority of biomaterials, fibrin 
can be autologously derived that is a significant 
advantage for further clinical translation of the 
bioprinted constructs. However, the fibrinogen 
concentration in blood is relatively low in 
comparison with the used one for bioink preparation 
(2 mg/ml[99] vs. 20 mg/ml[95]). Therefore, in recent 
papers[87,100], such bioinks were prepared not from 
pure fibrinogen, but blood plasma.

4 Conclusions

The development of bioprinting has inspired new 
applications of fibrin as a bioink. Compared to other 
biomaterials, fibrin can be autologously derived that 
facilitates its clinical translation and has significant 
intrinsic properties such as induction of wound 
healing and angiogenesis that are highly valuable 
in tissue engineering. It also provides a possibility 
for fine tuning both mechanical and biological 
properties. Fibrin and its blends can be pioneering 
in the development of smart bionks that provide not 
only an adaptable cell-friendly microenvironment 
but also the information on cell functioning.
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